The stretched-grid approach provides an efficient down-scaling and consistent interactions between global and regional scales due to using one variableresolution model for integrations. It is a workable alternative to the widely used nested-grid approach introduced over a decade ago as a pioneering step in regional climate modeling. A variable-resolution GCM employing a stretched grid, with enhanced resolution over the U.S. as the area of interest, is used for simulating two anomalousregional climate events, the U.S. summerdrought of 1988 and flood of 1993. The special modeof integration using a stretchedgrid GCM and data assimilation system is developed that allows for imitating the nested-grid framework. The modeis useful for inter-comparison purposes and for underlining the differences between these two approaches. The obtained results showthat the global variable-resolution stretched-grid approach is a viable candidate for regional and subregional climate studies and applications.
Mitchell 1978, Vichnevetsky 1987 , Fox-Rabinovitz 1988 , Fox-Rabinovitz et al. 1997 ).
For a grid point model with variable resolution, the stretched grid approach with the samemodel used over the entire globe, seemsto be attractive because it is free of the ill-posed boundary condition problem that arises for nested grids (Oliger and Sundstrom1978). The associated additional computational cost due to stretching versus nesting, is not overwhelming because a significant part of global grid points are usually located inside the area of interest for manyapplications (e.g. Cote et al. 1993 ).
It should be emphasizedthat the optimal choices between the nested and stretched-grid approaches have to be madefor different regional applications.
Their combination may appear to be an attractive option as well.
The variable-resolution stretched-grid models have been first developed in the late 70's for the short-term, 24-48 hour, forecasting Mitchell 1978, Staniforth and Daley 1979) . The operational stretched-grid grid-point model is used the short-term forecasting at the Canadian Meteorological Center since the early 90's (Cote et al. 1993 , Cote 1997 , 1997 Other variable-resolution models have been developed for regional applications (e.g. Paegle 1989 , Hardiker 1997 , McGregorand Katzfey 1998 .
The GoddardEarth Observing System (GEOS) stretched-grid (SG)-GCM is being developed by the author and his collaborators for regional climate applications since the mid-90's. It was started from employing the dynamical core framework with a Newtonian-type physics (Held and Suarez 1994) , for experiments without and with orography (Fox-Rabinovitz et al. 1997 . The computational noise problems due to grid non-uniformity were resolved and a monotonic noise-free solution was obtained. Then the SG-approachwas extended to the full diabatic GEOS GCM and the successful straightforward regional climate simulation (with no periodic updating of conditions at the region's boundaries) has been performed for the 1988 U.S. drought (Fox-Rabinovitz et al. 2000) .
The SG-GCM has been introduced into the GEOS data assimilation system (DAS)
that resulted in development of the stretched-grid version of the system. The GEOS SG-DAS is used in this study in a special simulation modefor imitating a nested-grid framework, and for producing the verifying regional analyses.
Variable-resolution stretched-grid modeling provides a practical and scientifically attractive way of performing cost-effective regional experiments with finer resolution over an area of interest than are likely to be possible in the foreseeable future with fine uniform global grid models. Actually, any GCM resolution can be madeat least 2-4 times finer over the area of interest through the SG-approach. Dependingon the regional resolution used, the computational savings are at least one order of magnitude comparedto computer time needed for the corresponding run with a global uniform fine grid GCM (Cote 1997 , Fox-Rabinovitz et al. 1997 .
It is noteworthy that the computational efficiency provided by the stretched-grid approach, is not the only reason or rational for its practical implementation. It is at least equally or even more important that through this approach an efficient down-scaling is obtained that allows for an adequate representation of fine and very fine regional mesoscale fields, diagnostics, and phenomena.
The anomalousregional climate events of the U.S. summerdrought of 1988 and flood of 1993 have been chosen for the PIRCS(Project to Intercompare Regional Climate Simulations). These events are extensively investigated with the variety of nested-grid models as described, for instance, in (Takle et al. 1999) . Performing experiments with the SG-approachfor these anomalousU.S.
climate events is useful for comparison purposes as well as for better understanding of the differences between these two approaches.
The major goal of the study is to estimate the down-scaling and its accuracy for simulations using a variable-resolution approach that allows one to adequately represent the regional scales over the area of interest. In other words, the efficiency of the down-scaling over the area of interest, due to better-resolved regional fields and surface boundary condition forcing, is investigated. It is noteworthy that the investigation is devoted to studying the impact of variable resolution in terms of regional down-scaling for the SG-approachrather than producing the case studies of the events.
A brief descriptions of the SG-GCM and SG-DAS are given in Section 2. The stretched-grid generator and the experimental setup are described in Section 3.
The simulation results for regional prognostic fields and precipitation are discussed in Sections 4 and 5, respectively. The conclusions are given in Section 6. Helfand and Labraga (1988) and Helfand et al. (1991) . The orographic gravity wave drag parameterization follows Zhou et al. (1995) . The model physics is updated with different frequencies ranging from every two dynamics time steps for turbulence and gravity wave drag, three dynamics time steps for moist processes (convection and large-scale precipitation) to one hour for short-wave and three hours for long-wave radiation. All model physics updates are prorated and applied at every time step.
The dynamical core of the GEOS GCM is described by and its stretched-grid version by Fox-Rabinovitz et al. (1997) . For the finite-difference approximation, the horizontal staggered Arakawa C grid (Mesinger and Arakawa 1976) nested-grid models. In our case, our own SG-DAS analyses are used outside the region of interest and no computational buffer is neededdue to monotonic noise free solution provided by SG-GCM. It is worth clarifying that no re-initialization over the area of interest is used for the described special integration mode.
This special modeof integration which will be referred to hereafter as the NG-simulation, is useful for inter-comparison purposes like those of the PIRCS,and for underlining the computational differences between the two approaches.
Weproceed nowwith describing the experimental setup.
The stretched grid used in this study for 60 km regional resolution has the samenumberof grid points as the global uniform 2x2.5 degree grid but redistributed according to a SG-design (Fig. I) . The area of interest is the spherical rectangle over the U.S. with 60 km uniform resolution and the following coordinates: from 25Nto 50Nand from 125Wto 75W.For the stretched grid, the local stretching factors (I) are~7%and~5%and the total global stretching factors (2) are -9 and~8 (that corresponds to the maximal grid intervals of~4.5 and~5.5 degrees), for latitudes and longitudes, relatively.
The stretched grid has approximately 9 times less grid points than that of the global uniform 60 kmresolution grid. with its high quality dense observational network, allows us to calculate the meanerrors or biases and rms errors as the deviations of simulated fields from the corresponding verifying analyses.
Simulated prognostic fields
In this section, the time-averaged regional prognostic fields simulated by the SG-GCM for the 1988 and 1993 events with 60 km regional resolution, are comparedagainst the corresponding time-averaged verifying analyses produced by the SG-DAS with the sameregional resolution. The special mode of integration described in the previous section, the NG-simulation, is used for all the experiments presented in this and the next sections.
The time-averaged 500 hPa heights obtained by the NG-simulation for June 1988 and their bias or deviation from the SG-DAS verifying analyses, are presented in Fig.2 . The strong ridge over the central part of the U.S.
and two troughs on the east and west coasts, that comprise the pattern of the drought, are very well represented in the 500 hPa height field (Fig.2a) that is remarkably close to the verifying analyses, with only a few meter bias (Fig.2b) .
Similar results are obtained for the NG-simulation for sea level pressure (SLP) shown in Fig.3a . The maximum bias for the field located over the central part of the U.S., is only 1 hPa whereas over the rest of the region the bias is even smaller than that, only a fraction of 1 hPa (Fig.3b) . For the more meteorologically active flood period of July 1993, the bias is approximately twice larger but still small, within 2 hPa (Fig.3c ).
For the sameNG-simulation as shownin Fig.2 , the monthly mean500 hPa height rms errors or rms deviations from the SG-DAS verifying analyses, are shown in Fig.4a . The NG-simulation is performed with the data insertions every 6 hours, with the samefrequency as for the SG-DAS used for producing the verifying analyses. The maximumrms error is small, only 15 m, and is located in the middle of the area of interest. Over the rest of the area, the rms errors are even smaller, mostly in single digits.
For different nested grid models, boundary conditions are usually updated every 6, 12, or 24 hours. For the NG-simulations employing the SG-approach, no boundary conditions are neededbut the boundary information outside the area of interest is affected by the frequency of data insertion or updates. The NGsimulations were performed with all three of the above frequencies. Their rms errors are presented in Fig.4 . Using the 12 hour frequency does not result in any increase or pattern changeof the rms errors (Fig.4b) comparedto those of the 6 hour frequency (Fig.4a) . Boundary information for the NG-simulations is about the samebecause radiosonde data are observed only every 12 hours.
However, the rms errors for the 24 hour frequency (Fig.4c) are slightly, only a few meters, larger over the whole region, especially over its southwestern part where the maximum of 22 m is located. This maximum is a result of inflow information from the South Pacific that is poorly covered with observational data. Therefore, although the 24 hour frequency updates produce quite limited rms errors the 6 or 12 hour frequency updates produce slightly better results that is consistent with the experience obtained with nested grid models.
All of the above biases and rms errors are so small that they do not exceed the typical observational errors for the corresponding fields. Other prognostic variables showthe similar behavior.
It is noteworthy that the biases and rms errors for the NG-simulations are smaller than those presented by Takle et al. (1999) for the U.S. drought of 1988 for the nested grid models of the PIRCS.
Simulated precipitation
The 1988 and 1993 U.S. anomalousregional climate events are chosen by the PIRCSto investigate how different regional climate models simulate the anomalous summerprecipitation cases, like a drought and a flood, for intra-seasonal time scales. In the section, the NG-simulations presented in the previous section are further analyzed in terms of their ability to produce regional precipitation patterns. Also, the impact of finer 40 km regional resolution is considered in terms of reproducing subregional precipitation patterns. Both the SG-DAS precipitation and the NCEPgauge precipitation over the U.S. are used for validation of the NG-simulations.
The monthly meangauge precipitation data for June 1988, the drought case, is shown in Fig.5c (Fig.5c ) is well represented in the NG-simulation (Fig.5a ). Precipitation simulated over the western Texas (Fig.5a ) is only partly supported by gauge data (Fig.5c ). The intensive, up to 5mm/day, precipitation over Florida (Fig.5c) is overestimated by the NG-simulation (Fig.5a ). Precipitation over the northwestern New Mexico, with the maximum of 3 mm/day (Fig.5c) , is reflected although overestimated in the NG-simulation (Fig.5a) . A subregional maximum of 2 mm/day over Oregon and Washington (Fig.5c) is present in the NG-simulation (Fig.5a) as well. All that shows that the NG-simulation pattern (Fig.5a ) is close to that of gauge data (Fig.5c ). that of produced by the SG-DAS, are shown in Fig.6 . The rms differences are quite small, about 1 mm/day, over the drought area and the entire western part of the U.S. as well as over the east coast and surrounding areas. The rms differences are basically close for all of the above frequency updates that is consistent with the results for the 500 hPa heights shown in Fig.4 .
The results of another NG-simulation of the anomalousregional climate event, the intensive U.S. summerflood of 1993, produced with 60 km regional resolution, are presented in Fig.7a . The NCEPgauge precipitation data used for validation of the NG-simulation are shown in Fig.7b . It is worth pointing out that gauge data only over the U.S. are used for producing the NCEP data ( Fig.7b) whereas precipitation over the entire area of interest (including the strong precipitation over the northern part of Mexico) is present in Fig.7a .
The NG-simulation (Fig.7a) showsa profound similarity to verifying precipitation data (Fig.7b) , in terms of the precisely correct location and intensity of the flood. The maximum of 12 mm/day (Fig.7a ) coincides with that of gauge data (Fig.7b ) . The precipitation pattern over the rest of the region, especially over the northern part of the U.S. (Fig.7a) , with the maximum over North Dakota, is very close to that of verifying precipitation data (Fig.7b) . Precipitation in northwestern Mexico is appropriately located in the NG-simulation (Fig.7a) although overestimated comparedto that of the NCEP(Xie-Arkin) blended satellite and gauge precipitation data (not shown).
Over the east coast area including Florida, the NG-simulation (Fig. Ta) precipitation pattern is quite close to that of gauge precipitation data (Fig.7b) . The NG-simulation (Fig.7a) produced intensive precipitation over Wyomingand Montanaas well as around the Seattle-Vancouver area that are not present in Fig.7b . However, Bosilovich and Sun (1999) produced less smoothed gauge precipitation data for July 1993 (see Fig.5 of their paper) with quite intensive precipitation for the aforementioned areas.
The NG-simulation ( Fig.7a in terms of the precisely correct location and the intensity of the event.
5. The precipitation rms errors for the 1988 NG-simulation do not significantly grow for different frequency of data insertion or updates (every 6, 12, or 24 hours) that is consistent with the aforementioned results for prognostic variables.
6. The NG-simulations produced with finer 40 kmregional resolution resulted in recovering the subregional intensive precipitation over southern Louisiana, Mississippi, and Alabamawhere it was underestimated in the NG-simulations with 60 km resolution.
7. The analysis of performed experiments showsthe potential of the SG-GCM (and the SG-approachin general) for successful simulation of anomalous regional climate events.
